Leachate was generated when precipitation percolated through a pile of woodwaste, including trimmings, off-specification wood chips, shredded bark and roots, and sawdust from several cedar processing mills. The "young" woodwaste leachate produced in the pile's placement period was amber, acidic (pH 3.4-3. 
Introduction
Leachate is generated when water percolates through a large mass of solid material as contaminated liquid. Wood leachate may be generated when rainfall, runoff or sprinkling water percolates through woodpiles, log yards, wood product storage areas, and woodwaste disposal sites of various wood processing mills and barge loading facilities. Naturally occurring wood constituents, preservatives, metals from the facilities, and wood decomposition by-products may be present in wood leachate. Wood leachate extracted by water in laboratory study (Field et al. 1988; Peters et al. 1976; Taylor et al. 1996; Temmink et al. 1989) or leached in open fields (Bailey et al. 1999; Hunter et al. 1993; Peters et al. 1976; Taylor and Carmichael 2003; Woodhouse and Duff 2004; has been characterized as acidic, of very high oxygen demand, and toxic to aquatic organisms. The reported chemical composition of wood leachate varies with wood type, wood component (bark, heartwood, sapwood or foliage), waste compaction, leaching time and characteristics of leaching water.
In regions such as British Columbia, Canada, where forestry is one of the major industrial sectors, collection and disposal of woodwaste is an immense task. Woodwaste, especially when it is not covered, poses a serious threat to surface and ground water due to leachate generation. Leachate flow rate and contaminant concentrations vary significantly over time as the landfill develops, through closure and after closure (Farquhar 1989; Forgie 1988) . Operation flexibility should be considered in treatment plant design with regard to the time-variable nature of the leachate from woodwaste piles. The types, amounts and production rates of contaminants appearing in the leachate at a landfill are influenced by several factors that are difficult to quantify reliably in a landfill (El-Fadel et al. 1997; Farquhar 1989) . It is, therefore, necessary to rely on data and experience from other landfill investigations. However, long-term monitoring and characterization of woodwaste leachate have not been reported to date.
Refuse age and corresponding landfill decomposition stage are usually the major determinants of leachate composition (El-Fadel et al. 1997 ). The present study monitored the leachate induced by precipitation on a cedar woodwaste pile for six consecutive years, including both the placement and closure periods. Based on continual and occasional monitoring data of leachate quality, this study assessed the physical-chemical properties and toxicity of the woodwaste leachate. Temporal variations in leachate quality were examined with regard to the development sequence of the woodwaste pile and local weather conditions. Further, it discussed the implications of leachate characteristics to treatment of woodwaste leachate.
Materials and Methods

Woodwaste Pile and Leachate Pool
The woodwaste pile of concern was a large open storage of sawdust, shredded bark and roots, off-specification wood chips and process trimmings. It was located adjacent to the Fraser River in Mission, British Columbia, Canada. Several wood processing facilities, mostly cedar shake and shingle mills, stacked their cedar woodwaste together in an effort to gain a sufficient quantity for either selling it as fuel to electrical cogeneration facilities or using it as a raw material for some other industrial processes (e.g., charcoal production). Since 1992, this pile had been receiving new woodwaste and growing up from an area of approximately 150 to 200 m in diameter and to 20 m high in 1999, adjoining the working site of a wood chips company at a higher elevation. There was not any intentional compaction, placement sequence, bottom lining or cover while placing the waste. The stored woodwaste was delivered to a pulp mill as a fuel supplement to its cogeneration boiler on an as-requested basis in 1999 and 2000. Consequently, the pile was reduced to about 12 m high in 2000. The pile size increased again to 20 m high in early 2001. In summer 2001, the 8-m high pile cap was removed to become a working site, and new piles formed in the adjacent area. In general, the pile of concern underwent a placement period before summer 2001, followed by closure. This area is characterized by a coastal climate with colder, wet winters and warm, drier summers. The climate information during the study period at the nearby "Abbotsford A" meteorological station (elevation of 57.9 m) indicated that the mean monthly temperature ranged from 20.3ºC in July 2004 to 2.9ºC in January 2004 (Fig. 1) . The annual precipitation was 1255 to 1797 mm between 1999 and 2004, with 22.5 to 44.4% occurring during the spring-summer period (April-September).
When precipitation fell directly on the pile and percolated through the woodwaste, it produced an amber leachate. A pool of leachate, approximately 20 m by 70 m, had formed in a natural depression on one side of the woodwaste pile since its establishment. A very strong pungent, woody smell emanated from the leachate pool. In the dry summers from July to September, the pool was shallow, but it could collect one metre of leachate through the wetter months.
The quantity of leachate generated is site-specific. It depends on weather conditions, landfill cover and lining, and moisture content and field capacity of the solid waste. No runoff was observed on this woodwaste pile. Based on the annual precipitation and evaporation (El-Fadel et al. 1997; Farquhar 1989) . Directly underlying the pile was an impermeable stratum consisting of silt and clay, ranging from 0.9 to 4.1 m thick. Beneath this stratum was an aquifer. The leachate pool could only hold about 1000 m 3 of leachate, while the majority might flow to the other sides of the pile or penetrate weak spots of the impermeable stratum beneath the pile.
Field Measurement and Laboratory Analysis
The woodwaste leachate was collected from the leachate pool in 1-L plastic bottles at weekly intervals mostly during the warmer months (March to October) between 1999 and 2004. The leachate was analyzed to facilitate other studies and not conducted on a consistent frequency. Chemical oxygen demand (COD), tannin and lignin (T&L), volatile fatty acids (VFAs), ammonia, nitrate, nitrite, orthophosphate and pH of the woodwaste leachate were measured continually through the placement and closure periods of the woodwaste pile. Suspended solids and 5-day biochemical oxygen demand (BOD5) were measured in 1999 and 2000 and checked occasionally in the closure period. In 1999, 96-h median lethal concentration to rainbow trout was determined. Total Kjeldahl nitrogen (TKN) and total phosphorus (TP) were analyzed twice and three times, respectively. Some other parameters (organic carbon, colour, etc.) were only analyzed a few times (Frankowski 2000; Masbough 2002) and are not presented here.
Field measurements were made while sampling. Water temperature and dissolved oxygen were measured in the leachate pool from 1999 to 2002, using a portable YSI Model 54 DO meter (Yellow Springs Instrument, Yellow Springs, Ohio). Redox potential (Eh) was determined from millivolt readings from 2002 to 2004, using a Horiba D-13 US model pH meter (Horiba, Ltd., Kyoto, Japan) equipped with a Pt-Ag/AgCl combination electrode (Broadley James Corporation, Irvine, Calif.).
Standard methods (APHA et al. 1999) were followed for analysis of pH (4500-H + electrometric) with the Horiba pH meter, solids (2540), COD (5220D closed reflux, colorimetric) with a Hach DR/2000 spectrophotometer (Hach Co., Loveland, Colo.), T&L (5550B Folin phenol colorimetric) with the Hach spectrophotometer, BOD (5210B 5-day incubation; seeded with sediment of the leachate pool), ammonia (4500-NH3 H flow injection), nitrate plus nitrite (4500-NO3 -I cadmium reduction flow injection), TKN (4500-Norg D block digestion and flow injection), TP (4500-P H manual digestion and flow injection) and orthophosphate (4500-P G flow injection). Flow injection analyses were done on a Lachat Quick-Chem 8000 automatic flowinjection ion analyzer (Lachat Instruments, Milwaukee, Wis.) with absorbance detectors. T&L were analyzed with tannic acid as standards and given as tannic acid. The analyses of COD and T&L were not affected by the colour of water samples because the samples were diluted 25 and 250 to 1000 times, respectively, with ultra-pure water to bring them within method ranges, 20 to 900 mg L -1 COD and ≤8 mg L -1 T&L. VFAs were analyzed by gas chromatography (HPGC 5880A; Supelco, Inc. GC Bulletin 751G). The GC detected acetic acid (CH3COOH), propionic acid (C2H5COOH), iso-butyric acid and butyric acid (C3H7COOH), valeric acid (C4H9COOH) and hexanoic acid (C5H11COOH). Acute toxicity tests using rainbow trout followed the procedure described by Environment Canada (1990) , with sufficient oxygen and pH adjusted to 4.5 to 5.0.
Statistical Analysis
The monthly averages of leachate quality parameters were used for statistical analysis instead of values of individual samples because the leachate was collected at variable frequencies across months. The number of months monitored is represented by n. The correlation of leachate quality to air temperature and precipitation was analyzed by multiple linear regressions, which output the coefficient of determination, R 2 . Temporal variation of the ratio of VFAs theoretical oxygen demand (ThOD) to COD and correlation between quality parameters were checked by Spearman's rank correlation analysis. A correlation was considered significant at a probability value of P ≤ 0.05.
Results
Physical and Toxicological Properties
The leachate pool acted as a settling pond, with the majority of solids and organic matter present in a dissolved form (through microfiber glass filters with pore size of 0.7 µm). The woodwaste leachate had <0.5 mg L -1 settleable solids, and 19 to 43 mg L -1 total suspended solids. Over 99% of the solids present in the leachate were dissolved. More than 98% COD was soluble.
The woodwaste leachate exhibited an amber colour at about pH 4, and became darker with increasing pH, suggesting that it was largely due to some forms of coloured weak acids, similar to tannic acid, that undergo a shift in their protonation as pH changes and subsequently their spectral properties. Anion exchange resin Duolite S37 columns (10 cm long ×2) completely removed the visual colour of woodwaste leachate. Less than 5% T&L was found left in the column filtrate.
Leachate temperature (Table 1 ) was higher than air temperature (Fig. 1) , with an average difference of 7.1ºC between 1999 and 2002. The higher leachate temperature could result from absorption of solar energy by the dark woodwaste leachate in the leachate pool and from anaerobic decomposition in the woodwaste pile.
The woodwaste leachate exerted acute toxicity to rainbow trout at a 96-h median lethal concentration of 0.74% (v/v) full-strength leachate in 1999. The toxicity may be attributed to tannins, lignins, zinc and low pH, but is not confirmed yet.
Change over Age of Woodwaste Pile Figure 2 shows variation of the woodwaste leachate quality at monthly intervals for six years. The yearly averages and deviations are presented in Table 1 . There was not an obvious change in leachate quality in the placement period from 1999 to 2001. The "young" leachate in the placement period contained very high concentrations of COD, T&L and VFAs. The concentrations of COD and VFAs were similar to the young leachate of municipal solid waste landfills (El-Fadel et al. 1997; Farquhar 1989) . The concentrations of COD, T&L and VFAs began to decrease in approximately 1, 1.5 and 1.5 years, respectively, after stopping placement of new woodwaste in the summer of 2001. There was a rapid decrease in the concentrations of COD, T&L and VFAs in 2004, 2.5 years into the closure period. COD concentration of the old woodwaste leachate decreased to values similar to that of municipal landfill leachate at a refuse age of 10 to 20 years (Farquhar 1989) . 
Composition of Oxygen Demand
The young woodwaste leachate had a BOD5:COD ratio of 0.33 on average from June through December 1999, and older leachate had a BOD5:COD ratio of 0.14 on average (Fig. 3) . T&L and VFAs together accounted for 43 to 73% of COD on an annual basis.
The proportions of lower molecular weight VFAs (acetic and propionic) decreased gradually from 1999 to 2002 and then increased (Fig. 4) . In general, acetic acid accounted for 36 to 45% of the total VFAs.
The concentrations of COD, T&L and VFAs were significantly, negatively correlated to pH (Fig. 5) , implying that COD was largely influenced by organic acids, such as VFAs and the tannic acid-like complex.
Nutrient Levels
Ammonia, nitrate, nitrite and orthophosphate concentrations in the woodwaste leachate were very low either relative to the concentrations of COD, T&L and VFAs (Table 1 ) or in comparison to the nitrogen and phosphorus concentrations in municipal landfill leachate (El-Fadel et al. 1997; Farquhar 1989) , although there was a sharp increase in ammonia nitrogen in late 2004 (Fig. 2) 1.1 ± 0.9 3.1 ± 0.9 1.8 ± 1.0 1.8 ± 0.9 3.2 ± 4.3 11.3 ± 10.5 Nitrate and nitrite, 0.27 ± 0.33 0.15 ± 0.10 0.14 ± 0.12 0.08 ± 0.05 0.50 ± 0.14 0.26 ± 0.15 mg N L -1 Orthophosphate, 3.5 ± 0.9 4.3 ± 1.0 3.3 ± 0.2 2.1 ± 0.5 1.5 ± 1.1 2.9 ± 1.8 mg P L in woodwaste leachate fell into the category of leachate from >20-year-old landfill refuse (Farquhar 1989) .
Seasonal Variation
The number of months monitored each year was inadequate to show a complete seasonal variation in woodwaste leachate quality. The monthly air temperature and precipitation were not correlated with monthly average concentrations of COD (R 2 = 0.03, P = 0.76) and VFAs (R 2 = 0.07, P = 0.63), while T&L concentration was significantly correlated to temperature and precipitation (R 2 = 0.37, P = 0.03) during 1999 to 2002. The correlations of COD, T&L and VFAs concentrations to temperature and precipitation were not improved by replacing precipitation with the cumulative precipitation of the most recent two months.
Discussion
Characteristics of Woodwaste Leachate
It can take several months for the leachate to arrive at the base of the landfill, depending on the refuse type, compaction and depth (Farquhar 1989) . A significant correlation of T&L concentration with air temperature and precipitation suggested immediate generation of leachate from the woodwaste pile, probably because of lack of covers, little compaction and low field capacity of the woodwaste.
In general, the "young" woodwaste leachate produced in the pile's placement period was amber, acidic, nutrient-poor, of very high oxygen demand, and very toxic to aquatic life; the "older" leachate in the late closure period had lower oxygen demand and higher ammonia, and became less acidic and darker. This uncovered woodwaste pile contained sawdust and shredded bark and roots, providing greater exposure than woodpile and compacted woodwaste to physical, chemical and biochemical reactions. The leachate from this woodwaste pile, except in the late closure period, therefore, had lower pH and much higher oxygen demand in terms of COD, T&L or BOD5 than the leachate from a 2-year-old cedar waste landfill (Peters et al. 1976) , leachate from highway entrances and off-ramps filled with woodwaste (Hunter et al. 1993) , leachate from woodpiles (Taylor and Carmichael 2003) , bark wastewater (Field et al. 1988) , stormwater runoff from sawmills (Bailey et al. 1999 ) and log yard runoff (Woodhouse and Duff 2004; .
The organic carbon of woodwaste leachate was a mixture of lignins, tannins, fatty acids and other unknown dissolved organic compounds. Characterization of wood extractives (Gabrielii et al. 2000; Sun et al. 2001) suggests that hemicellulose is probably among the unknown organic carbon components of wood leachate. The significant correlation of COD, T&L and VFAs to pH suggested that the woodwaste leachate contained such organic acids as humic and fulvic acids that are similar to tannic acid, in addition to VFAs. The young woodwaste leachate had a smaller BOD5:COD ratio (0.33) and larger T&L ThOD:COD ratio (0.33-0.45), indicating resistance to biodegradation. The woodwaste leachate had a BOD5:COD ratio similar to, and a T&L ThOD:COD ratio higher than, log yard runoff (Woodhouse and Duff 2004; . The contribution of easily biodegradable VFAs to COD in the late closure period decreased rapidly over time, resulting in a more recalcitrant leachate. VFAs declined faster than T&L, and COD declined in the closure period, suggesting that microbial decomposition within the woodwaste pile reduced the availability of labile organic compounds for percolation.
Acetic acid, the main component of VFAs in woodwaste leachate, is a catabolic product of anaerobic fermentation. Other VFAs with even numbers of carbon atoms are formed from acetic acid through condensation reactions; the VFAs with odd numbers of carbon atoms are formed through various combinations of microorganism-induced cleavage and condensation reactions (Forgie 1988) .
The woodwaste leachate colour responded to the change of pH that was significantly correlated to concentrations of COD, T&L and VFAs. VFAs C2-C6 species are colourless except that hexanoic acid may be slightly yellow. T&L and humic substances are highly coloured compounds that appear to be the major source of woodwaste leachate colour.
The toxicity of wood leachate is mostly attributed to phenolic compounds (including tannins), lignins, tropolones, terpenes, zinc, lignans, low pH and other unidentified constituents (Bailey et al. 1999; Borga et al. 1996; Field et al. 1988; Peters et al. 1976; Taylor et al. 1996; Taylor and Carmichael 2003; Temmink et al. 1989) . With reference to the toxicity bioassays by these previous studies, T&L and low pH were most likely responsible for the toxicity of the woodwaste leachate.
Temporal Variation of Chemical Properties
The temporal variation of woodwaste leachate quality (Fig. 2) showed a pattern similar to, but shorter than, that of municipal landfill leachate (Farquhar 1989) . It may reach peak concentrations in the earlier months of leaching (Farquhar 1989 ). In the placement period, the leachate came from both fresh and leached woodwaste, and its strength varied at high concentrations, likely with the weather conditions and the amount of new waste placed. The woodwaste pile in this study had no cover and the waste was placed without compaction, undergoing a faster leaching process in comparison to aspen woodpiles (Taylor and Carmichael 2003) and municipal landfills (Farquhar 1989) . Obvious decreases in the easily biodegradable VFAs and recalcitrant T&L occurred 1.5 years after placement of new woodwaste stopped.
Microbial decomposition contributes to the characteristics of landfill leachate (Farquhar 1989; Forgie 1988) . When fresh woodwaste was continually piled up, hydrolysis and fermentation solubilized waste components and produced organic acids and alcohols. As rainfall percolated through the waste, contaminants were mobilized into the liquid phase through dissociation and suspension from the stationary phase, thus producing a concentrated leachate. As the low dissolved oxygen and redox potential of the woodwaste leachate in the leachate pool suggested, anaerobic decomposition might have predominated the degradation process in the woodwaste pile in the closure period. Anaerobic reactions decomposed the biodegradable organic matter to methane, CO2 and metabolic intermediates, and left higher molecular weight organics, including lignins and tannins. With development of anaerobic decomposition, the ratios of BOD5 to COD and VFAs ThOD to COD decreased. The anaerobic reducing environment within the woodwaste pile caused an increase in the concentration of ammonia.
With reference to the leachate temperature, the woodwaste pile was likely far from optimum for the anaerobic processes (Metcalf and Eddy 2003) . Higher temperature in the summers (Fig. 1) would improve microbial metabolism in the woodwaste pile to produce concentrated leachate. In the wet winters, frequent rainfall ( Fig. 1) would raise moisture content of the woodwaste and likely enhance microbial activity and leaching of soluble compounds. T&L is more resistant to biodegradation than VFAs and the aggregate parameter COD. The concentration of T&L in the leachate pool should be close to the fresh woodwaste leachate. The significant correlation of T&L concentration to air temperature and precipitation confirmed the effect of natural factors on the woodwaste leachate quality. Taylor and Carmichael (2003) reported a significant BOD decline due to 10 to 12 days of storing wood leachate in a catch basin under anoxic conditions. VFAs and COD in the leachate pool were probably reduced by biodegradation during the warm summer period compared to the colder winter period. Subsequently, correlations of VFAs and COD to air temperature and precipitation diminished. The seasonal variation in monitoring results was a mixed effect of precipitation and air temperature on the generation of woodwaste leachate in the woodwaste pile as well as dilution or concentration and degradation in the leachate pool. Consequently, no simple pattern of seasonal variation was identified in leachate quality.
Implications to Selection of Treatment Processes
Treatment options for leachate include aerobic and anaerobic biological processes, and various types of physical-chemical treatment processes (Forgie 1988) . Field et al. (1988) found that anaerobic digestion helped degrade soluble COD from bark. Log yard runoff has been effectively treated by a bench-scale aerobic batch bioreactor , a laboratory-scale aerobic trickling filter (Woodhouse and Duff 2004) and ozonation . Frankowski (2000) , Hunter et al. (1993) and Masbough (2002) have proved the applicability of constructed wetlands for treatment of woodwaste leachate.
Very low concentrations of suspended solids suggest that sedimentation and flocculation are not practical options for treatment of woodwaste leachate. High concentrations of natural polymers, such as tannins and lignins, imply the removal potential by adsorption. High concentrations of VFAs in the woodwaste leachate could be efficiently removed by biological processes.
In the cases Forgie (1988) reviewed for leachate treatment, aerobic biological systems operated better with a BOD5:N:P ratio of about 100:5:1. The "young" woodwaste leachate had a BOD5:(inorganic N):(orthophosphate P) ratio of 1195:0.4:1 on average in 1999, suggesting the need for nutrient supplementation for aerobic treatment of woodwaste leachate.
Biological treatment processes rely on the establishment and activity of a mixture of microorganisms, which may be inhibited by toxic components of the waste stream. Inhibition on bacterial metabolism by aspen leachate has been found at wood leachate concentrations below 0.3% (Taylor et al. 1996) . Median effective inhibition concentrations derived from bacterial luminescence assays were <10% of full-strength aspen wood leachate and more often approached 1% (Taylor and Carmichael 2003) , and 1.9 to 91% (v/v) of log yard runoff (Woodhouse and Duff 2004; . The 50% inhibitory concentration of bark tannins to methanogens averaged approximately 600 mg L -1 COD or 350 mg L -1 tannin solids (Field et al. 1988 ). Low pH and high concentration of T&L are probably the major inhibitory factors for biological treatment of woodwaste leachate.
Conventional biological leachate treatment is most appropriate when the BOD5:COD ratio is high (>0.4) and the molecular weight of the majority of the organics is less than 500 (Forgie 1988 ). The woodwaste leachate had a lower BOD5:COD ratio (0.14-0.33), and T&L that accounted for 33 to 47% of COD has a molecular weight probably higher than or similar to 1701 for tannic acid. With regard to low pH, low BOD5:COD ratio, high BOD5:N:P ratio and potential toxicity to microorganisms, anaerobic treatment systems with a long hydraulic retention time, such as constructed wetlands (Hunter et al. 1993; Tao and Hall 2004) , are preferred for treatment of woodwaste leachate.
Conclusions
A woodwaste pile without cover and compaction generated a leachate with quality changing faster over years than that of municipal landfills. The mixed effect of air temperature and precipitation resulted in a woodwaste leachate quality without a simple pattern of seasonal change. Overall, the woodwaste leachate was highly coloured, acidic, of very high oxygen demand, nutrientpoor and very toxic to aquatic life. The concentrations of COD, T&L and VFAs changed over years as the woodwaste pile developed, especially after closure. The treatment processes should consider flexibility in influent quality with regard to the yearly variable nature of woodwaste leachate.
The ratio of VFAs ThOD:COD increased as the woodwaste pile developed, and decreased as it stopped receiving new waste. T&L accounted for more than onethird (33-45%) of COD on an annual basis. The organic compounds that formed 27 to 57% COD are still not known. The leachate characters of recalcitrance, lack of nutrients and possible inhibition on microbial activity suggest a preference for constructed wetlands to treat woodwaste leachate at a long hydraulic retention time.
